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Abstract 
 
The modern society is heavily dependent on fossil fuels, which are a limited resource. The 
transport sector is responsible for a large share of the combined fuel consumption and there is a 
strong political and environmental incentive to make it less dependent on oil. Ethanol (EtOH) 
can play an important role as a gasoline additive or substitute and a catalytic process has been 
demonstrated, in which dimethyl ether (DME) produced from synthesis gas is converted to 
methyl acetate (MA), which is subsequently converted to EtOH and methanol (MeOH). MeOH 
can afterwards be easily converted to DME, using well-established processes. Syngas can be 
produced from biomass, making the entire process sustainable and environmentally friendly. 
The main benefit of this method is its unprecedented selectivity towards EtOH, while MeOH, 
the primary by-product, and the unreacted syngas are easily recycled. The reaction of MA to 
EtOH and MeOH is facile and can be performed efficiently using known technologies. The 
formation of MA is on the other hand difficult because no stable and active catalyst have been 
identified for the reaction yet. Mordenite has been shown to be the most active catalyst for the 
reaction but it is not sufficiently active or stable to be applied industrially. 
In this PhD project, the formation of MA over Mordenite has been studied experimentally and 
by density functional theory (DFT) calculations. The DFT study of the reaction path has shown 
that ketene is a reaction intermediate, a result with has been confirmed experimentally using 
mass spectroscopy. Ketene is a reactive molecule, which easily forms polymers. Consequently, 
its presence in the catalyst may be one of the reasons for the rapid deactivation. 
 Additionally, it was demonstrated by DFT calculations that MA is primarily formed in the 
side pockets of Mordenite and that the reaction of CO with methyl groups is the rate limiting 
reaction step. Thus, in contrast to the previous DFT studies, the DFT model developed here is 
fully consistent the experimental results. 
An experimental study of the reaction kinetics has shown that MA inhibits the reaction. A 
kinetic model, taking this effect into account, was developed and it could accurately describe the 
dependence of the reaction rates on the amount of catalyst and the partial pressures of the 
reactants. The product inhibition of the reaction rate makes it difficult to scale the process up, as 
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it sets a limit on the maximum concentration of MA in the catalyst, relatively to the 
concentrations of the reactants. 
 A study of the deactivation rate has revealed that for a fixed reaction rate, the deactivation 
rate of the catalyst increases with increasing DME concentration; for a fixed DME 
concentration in the feed, the deactivation rate decreases with increasing MA concentration. 
However, the precise connection is still unknown. 
 The results of this PhD project contribute significantly to the understanding of the reactions 
taking place on Mordenite during MA synthesis and form a firm foundation for the future 
studies.    
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Resumé 
 
   Det moderne samfund er stærkt afhængigt af fossile brændstoffer som er en begrænset ressource. 
Transportsektoren står for en stor del af det samlede brandstofforbrug og der er et stærkt 
miljømæssigt og politisk incitament for at gøre den mindre afhængig af olie. Ætanol (EtOH) kan 
fungere som et benzinsubstitut og en katalytisk proces er blevet demonstreret, hvori dimetylæter 
(DME) fremstillet af syntesegas omdannes til metylacetat (MA), der efterfølgende omdannes til 
EtOH og metanol (MeOH). MeOH kan derefter nemt omdannes til DME ved brug af kendte 
teknologier. Syntesegas kan fremstilles af biomasse og dermed kan hele processen være bæredygtig 
og miljøvenlig. Fordelen ved denne metode er dens enestående selektivitet for EtOH, mens MeOH, 
det primære biprodukt, og ikke-reageret syntesegas er nemme at genbruge. Omdannelsen af MA til 
EtOH er nem og kan udføres effektivt ved brug af kendte teknologier. Fremstillingen af MA er til 
gengæld besværlig, da det endnu ikke er lykkedes at finde en effektiv katalysator for denne 
reaktion. Mordenit er blevet vist at være den mest aktive katalysator for reaktionen, men den er ikke 
tilstrækkelig aktiv eller stabil til at blive brugt industrielt.  
   I dette PhD-projekt blev dannelsen of MA over Mordenit undersøgt eksperimentelt og vha. 
tæthedsfuntionalteori-beregninger (DFT). DFT-studiet af reaktionsvejen har vist, at keten er et 
reaktionsmellemprodukt, et resultat som er blevet bekræftet eksperimentelt vha. massespektroskopi. 
Keten er et meget reaktivt molekyle, der nemt danner polymerer. Af denne grund kan dets 
tilstedeværelse i katalysatoren, være én af årsagerne til den hurtige deaktivering. 
 Desuden, blev det demonstreret med DFT-beregninger at MA hovedsageligt dannes i lommerne af 
Mordenite og at reaktionen af CO med metylgrupperne er det ratebestemmende reaktionstrin. 
Dermed, i modsætning til de tidligere DFT-studier, den DFT-model, der blev udviklet her er fuldt 
konsistent med de eksperimentelle resultater. 
   Et eksperimentalt studie af reaktionskinetikken har vist, at MA inhiberer reaktionen. En kinetisk 
model, der tager hensyn til denne effekt, blev udviklet og kunne nøjagtigt beskrive reaktionsratens 
afhængighed af katalysatorens masse og af reaktanternes partialtryk. Produktinhibering af 
reaktionsraten gør det svært at skalere processen op, da den sætter en grænse for den maksimale 
koncentration af MA i katalysatoren i forhold til koncentrationen af reaktanterne. 
   Et studie af deaktiveringsraten has afsløret, at for en konstant reaktionsrate, deaktiveringsraten 
stiger med stigende DME koncentration; for en konstant DME koncentration i katalysatorlejet, 
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aftager deaktiveringsraten for stigende MA koncentration. Den præcise sammenhang er dog stadig 
væk ikke kendt. 
   Resultaterne opnået i dette PhD-projekt bidrager betragteligt til forståelsen af de reaktioner der 
sker på Mordenitkatalysatoren under MA-syntesen og danner et solidt fundament for fremtidige 
studier.  
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1 Introduction 
In this chapter an introduction to the DME carbonylation on Mordenite is given. The state of 
the knowledge about the reaction kinetics and catalyst deactivation when the project was started 
is summarized. Also, a scope of the PhD project is defined. 
1.1 Background of the study 
   The global economy and modern society are heavily dependent on stable oil prices and supply. 
Currently, most of the produced transportation fuel is of fossil origin and its continuous use is 
thereby not sustainable. The steadily increasing prices of fuel and the risk of supply disruptions are 
factors making renewable fuels an interesting option. Ethanol (EtOH) is a promising alternative to 
oil derivatives as a transportation fuel [1-3]. It is produced industrially by fermentation of sugars 
and celluloses or through a reaction of ethylene with steam. Catalytic conversion of syngas to EtOH 
is a desirable process as it would be more energy-efficient and feedstock-flexible than the other 
methods. A number of catalysts can convert syngas to EtOH and other higher alcohols (HA) 
directly, in one step [4-20]; however, their activity as well as selectivity towards ethanol is fairly 
low. Alternatively, a two-step process can be used, in which DME, efficiently formed from syngas 
[21], and CO react to methyl acetate (MA) that in turn is converted to methanol (MeOH) and EtOH 
[22-26]. MeOH can afterwards be easily converted to DME, using well-established processes [21]. 
Haro et al. showed that conversion of biomass to ethanol, using the two-step process, could be cost-
competitive in the near future, in comparison to the fermentation methods [27, 28].  
   Conversion of DME and syngas to MA proceeds as: 
CO + CH3OCH3 → CH3COOCH3      ΔG(438 K) = -51.0 kJ/mol      K = 1.21 · 106                         (1) 
   The reaction is not limited by the thermodynamics and at equilibrium it would be completely 
shifted towards the products. The reaction is catalyzed by acidic zeolites, such as H-Mordenite (H-
MOR) [29-31], H-ZSM-35 [24], and Keggin-type heteropolyacids [24, 32, 33]. These catalysts are 
highly selective (> 94 mol %) for DME carbonylation to MA at temperatures 423 K - 463 K. MA is 
hydrogenated to methanol (MeOH) and EtOH using a hydrogenation catalyst (Cu/ZnO, 
Cu/ZnO/Al2O3, Rh/SiO2, Cu/CeO2) [22-26], according to the reaction: 
CH3COOCH3 + 2H2 ⇌ CH3CH2OH + CH3OH     ΔG(438 K) = 0.72 kJ/mol      K = 8.20 · 10-1      (2) 
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   This reaction is somewhat limited by the thermodynamical equilibrium, so a surplus of hydrogen 
is needed to achieve a high conversion of MA. The DME carbonylation catalyst can be combined 
with the hydrogenation catalyst in a dual bed reactor and the reported selectivity of these systems 
towards MeOH and EtOH are around 51 mol % (on C basis) and 42 mol %, respectively [22-26]. 
The principal challenge that needs to be solved, before this method can find industrial use, is an 
increase of the rate of MA synthesis; the following hydrogenation of MA to MeOH and EtOH is 
facile.  
   In this study we only investigate carbonylation of DME on H-MOR, which is the most active 
zeolite catalyst for carbonylation of DME [29-31]. Liu et al. reported that H-ZSM-35 has a similar 
initial activity to that of H-MOR but a higher long-term stability [24]. The experiments were 
performed in a single bed reactor, and after 20 h on stream, the conversion of DME on H-MOR 
decreased to 5% while the conversion of DME on H-ZSM-35 remained stable for 32 h. The coke 
deposition rates for H-MOR and H-ZSM-35 were measured to 47 μmol C/gh and 13 μmol C/gh, 
respectively, showing that H-ZSM-35 also deactivates, although at a lower rate. It should be 
mentioned that these experiments were performed at a temperature higher by 38 K than in the 
previous work (performed at 438 K), making a direct comparison difficult. However, H-ZSM-35 
may be an interesting alternative to H-MOR. 
1.2 Structure of Mordenite 
   Table 1 shows the parameters of the unit cell of natural Mordenite [34]. For purely siliceous 
framework, the space group of MOR is Cmcm and the unit cell contains 96 Si atoms and 48 O 
atoms. There are 4 unique sites that are occupied by Al or Si. They are called T1, T2, T3 and T4. A 
substitution of Si with Al lowers the symmetry to Pbcn [35] and induces a charge imbalance, which 
is compensated by protons (Brønsted acid sites are formed), alkaline cations (Na, K) or alkaline-
earth cations (Mg, Ca, Sr). Additionally, the channels of Mordenite contain various amounts of 
water.   
   There are three types of cavities in Mordenite: a) the main channel, parallel to the c-axis and 
circumscribed by 12 Si atoms (a 12 membered ring = 12-MR), b) a smaller 8-MR, parallel to 12-
MR and c) the so-called side pockets, parallel to the b-axis, which are also 8-MR. The side pockets 
can be entered only from the main channel but do not provide connection between adjacent 
channels (maximum diameter of sphere that can diffuse along the b-axis is 2.95 Å). Figure 1 shows 
12-MR and a side-pocket. In the following the side-pocket will be called 8-MR.  
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Table 1. Experimentally determined unit cell parameters of natural Mordenite. 
Space Group: Cmcm  
Chemical formula: |Na+8(H2O)24| [Al8Si40O96]-MOR 
Cell Parameters:    
 a = 18.256 Å b = 20.534 Å c = 7.542 Å 
 α = 90.000° β = 90.000° γ = 90.000°  
 Volume =  2827.26 Å3  
Maximum diameter of sphere    
that can diffuse along:  a: 1.57 Å  b: 2.95 Å c: 6.45 Å  
    
 
 
Figure 1. Left: View of the main channel along the c-axis. Right: View of the side pocket mouth along the b-axis. Oxygen – 
red, Silicon – blue. 
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1.3 DME carbonylation on H-MOR 
   Carbonylation of DME on Mordenite involves an induction period of around 4-6 hours followed 
by a steady-state phase [24, 29-31]. Figure 2 (copied from [31]) shows the synthesis rates of MeOH 
and MA on H-MOR measured for around 8 h (28 ks). During the induction period of 4.2 h (15 ks), 
the rate of MA formation increases to its maximum value and appears constant for the rest of the 
experiment (3.6 h, 13 ks). Figure 3 (copied from [24]) shows the synthesis rates of MA on H-MOR 
and H-ZSM-35 measured for 20 h and 32 h, respectively. The induction period for H-MOR is 
around 5 h and afterwards a significant deactivation is observed. The results shown in the two 
figures are not directly comparable because the experiments were performed at different 
temperatures, but the trends are similar. During the induction period MA synthesis occurs via 
following reaction network [29, 31]: 
CH3OCH3 + [SiO(H)Al] ⇌ CH3OCH3-[SiO(H)Al]                                                                      (3)  
CH3OCH3-[SiO(H)Al] ⇌ [SiO(CH3)Al] + CH3OH                                                                      (4)  
CH3OH + [SiO(H)Al] ⇌ [SiO(CH3)Al] + H2O                                                 (5)  
   Reactions (3)-(5) show that water is formed when the Brønsted acid sites on the zeolite are 
methylated. Reaction (5) is too slow to remove all MeOH molecules before they leave the zeolite, 
resulting in MeOH signal in Figure 2.   
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Figure 2. MA and MeOH synthesis on H-MOR [31]. Figure 3. MA formation on H-MOR and H-ZSM-
35 [24]. 
   The synthesis of MA at the steady-state proceeds according to the reactions [29, 31]: 
[SiO(CH3)Al] + CO → [SiO(COCH3)Al]                                                                                                        (6)  
[SiO(COCH3)Al] + CH3OCH3 → [SiO(CH3)Al] + CH3COOCH3                                                                       (7)   
   The surface methyl groups are in equilibrium with DME in gas-phase through the reaction: 
CH3OCH3 + [SiO(CH3)Al] ⇌ [SiO(CH3)Al] + CH3OCH3                                                                       (8)   
   Equations (6)-(7) show that MA formation occurs under anhydrous conditions after the induction 
period. The induction period reflects the initially slow replacement of H+ with methyl groups. The 
transient studies of the reactions of DME with CO [29, 31] indicate that the reaction of CO with 
surface methyl, reaction (6) is the rate limiting step in MA formation. 
   Figure 4 (copied from [29]) shows the dependence of the MA synthesis rate on the partial 
pressures of water and CO. The reaction is zeroth-order with respect to the partial pressure of DME, 
suggesting that the active sites are saturated with DME even at the lowest pressures (0.8 kPa). The 
formation rate of MA is first-order with respect to the partial pressure of CO, indicating that CO is 
only weakly bound to the surface or reacts directly from the gas-phase. 
   In the DFT studies of Boronat et al. [36, 37] no stable adsorption sites of CO were found, 
supporting the proposed reaction mechanism, in which CO reacts directly from the gas-phase. 
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Figure 4 shows that a small amount of water in the feed (0.5-1.0 kPa) reduces the MA synthesis 
rate, increasing the rate of MeOH synthesis by a factor of 14. Boronat et al. [36, 37] suggested that 
the effect of water may be explained by the fact, that the methyl groups react faster with water than 
with CO. The energy barriers for the reaction of methyl with water in 12-MR and 8-MR were 0.5 
eV lower than for the reactions with CO. However, these values were obtained only at the pure DFT 
level (without dispersion forces). If the dispersion forces were included (DFT-D) to calculate the 
Van der Waals forces, the values of the energy barriers significantly changed: 1) in 8-MR, the 
reaction with CO became 0.5 eV more favorable than the reaction with water, 2) in 12-MR, the 
reaction with water remained 0.5 eV more favorable than the reaction with CO. The large difference 
between the energies calculated, using the DFT and DFT-D schemes, and the simplicity of cluster 
approach (only the atoms close to the active site were modeled at a full DFT level and the effect of 
the rest of the cluster was included via an effective potential), suggest that the accuracy of the 
results obtained with DFT-D may be insufficient for proper description of the reaction path.    
 
 
Figure 4. Reaction order of MA synthesis with respect to CO and DME partial pressures, for reactions with and without 
water in the reactant gas [29]. 
   Bhan et al. [30] performed experiments, in which the side pockets of H-MOR were selectively 
blocked, using Na cations. As a result, the ion-exchanged H-MOR lost its activity for synthesis of 
MA, showing that 8-MR may be the active sites.  
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   Boronat et al. [36, 37] investigated carbonylation of DME on H-MOR, using DFT methods, and 
the systems were modeled, using clusters. The study suggested that reaction                                                                                                        
(6) is the rate limiting step, in agreement with the theoretical studies. Additionally, reaction                                                                       
(7) was shown to be possible only in 12-MR, because the DME molecule is sterically hindered in 
entering 8-MR. In 8-MR it was proposed that MA is formed in the reaction between surface-acetyl 
and MeOH:  
[SiO(COCH3)Al] + CH3OH → [SiO(H)Al] + CH3COOCH3                                                                       (9)   
   The discrepancy between this result and the experimental work was explained by noticing that 
water (and thereby MeOH due to reaction (5)) are always present in the system under reaction 
conditions. This statement may be inaccurate because in the experimental studies, mentioned here, 
the inlet gas was let through CaH2 with the purpose of water removal. However, it must be noted 
that the formation of coke in H-MOR also yields water.  
1.4 Deactivation of Mordenite during DME carbonylation 
   Mordenite is known to deactivate rapidly (Figure 3), and it is one of the reasons why it is not used 
industrially as a catalyst for DME carbonylation. In the study of Liu et al. it has been shown that the 
pretreatment of the catalyst with pyridine significantly improves its resistance towards coking 
(Figure 5) [38]. Pyridine is able to block the Brønsted acid sites in the main channel, but due to 
steric constraints it cannot enter the side pockets. Because the synthesis of MA takes place in the 
side pockets [30], the pretreatment with pyridine only slightly affects the maximum MA formation 
rate. Pyridine is a bulky molecule and upon its adsorption in the main channels the diffusion 
limitations for other molecules increase. Thus, the catalyst pretreated with pyridine exhibit a 
somewhat lower maximum reaction rate [30]. Because blocking the Brønsted acid sites in the main 
channels improves catalyst stability, Liu et al. concluded that they catalyze the reactions leading to 
coke formation. Selective dealumination of Mordenite, in which the aluminum atoms in the main 
channel are removed, has also been demonstrated to enhance the catalyst stability, confirming that 
the Brønsted acid sites in the main channel are responsible for coking [39].  
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Figure 5. Left: conversion of DME and selectivity for MA, MeOH, and hydrocarbons during DME carbonylation over 
Mordenite with Si/Al ratio of 6 (HMOR-6) and over the HMOR-6 catalyst pretreated with pyridine (Py-HMOR-6). 
Right: conversion of DME and selectivity for MA, MeOH, and hydrocarbons during DME carbonylation over 
Mordenite with Si/Al ratio of 10 (HMOR-10) and over the HMOR-10 catalyst pretreated with pyridine (Py-HMOR-10). 
Reaction conditions: 473 K, 5% DME, 50% CO, 2.5% N2, 42.5 % He, 1250 Nml/(g·h) [38]. 
1.5 The scope of this PhD study 
   In the previous experimental studies of the DME carbonylation on Mordenite, the experiments 
were performed at pressures up to 10 bar and at differential reaction conditions. It was established 
that the reaction rate was proportional to the pressure of CO and independent of the DME pressure. 
Consequently, higher reaction rates and larger conversion degrees of the reactants are expected at 
higher pressures. In this project, we examine the reaction kinetics at pressures between 10 bar and 
100 bar to test whether the pressure dependence of the reaction rate established at low pressures is 
also valid at high pressures. The reaction conditions, at which high conversion of reactants is 
achieved, are also important in the industrial context because operating a catalyst at high conversion 
of reactants reduces the necessary recycle ratio, making the process more economical. 
   There is a disagreement between the experimental [24, 29-31] and theoretical studies [36, 37] 
performed so far as regards the reaction mechanism. The previous experimental work strongly 
suggests that the active sites are in the side-pockets and that the reaction at the steady-state occurs 
under anhydrous conditions. The theoretical studies showed that surface acetyl in the side pockets 
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can only react with MeOH, but not with DME. Thus, a small amount of water is necessary in the 
feed for the MA formation, in disagreement with the assumption of anhydrous experimental 
conditions. In this study we develop a detailed DFT model for the reaction path for MA synthesis, 
which is consistent with the experimental data.  
   Finally, we study the influence of the reaction conditions on the deactivation rate of Mordenite to 
obtain a better understanding of the reactions leading to coke formation. 
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2 Methods 
2.1 DFT calculations 
   All DFT [40, 41] calculations in this study were performed, using the grid-based, projector 
augmented wave, DFT program GPAW [42, 43] and the ASE program package [44]. The Kohn-
Sham one-electron valence states [41] were expanded in the basis of real-space grids, with a grid 
spacing of 0.18 Å. The Brillouin zone of the systems was sampled, using a (1,1,2)-mesh of special 
k-points, of the Monkhorst-Pack [45]. The electronic density was obtained by self-consistent, 
iterative diagonalization of the Kohn-Sham Hamiltonian with Pulay mixing of the input and output 
densities. Population of the one-electron Kohn-Sham states was calculated, using an electronic 
temperature kbT = 0.1 eV, and the energies were subsequently extrapolated to T = 0 K. The 
exchange-correlation energy and potential were described within the generalized gradient 
approximation with BEEF-vdW [46] functional. Structure optimizations were performed using the 
BFGS algorithm [47-50]. In the calculations of the energy barriers a climbing image nudged elastic 
band (CINEB) method [51] was used, and the paths were optimized using the fast inertial relaxation 
engine (FIRE) [52]. The structures and reaction paths were optimized until the residual force 
component was below 0.03 eV/Å. The convergence was confirmed with respect to the electronic 
temperature, grid spacing and number of k-points (See appendix 6.3 for details). 
   The total energies of gas-phase molecules were calculated using the parameters above, unit cells 
with 10 Å vacuum around the molecule, a (1,1,1)-k point mesh, and kBT = 0 K. 
   During the optimization of the unit cell of Mordenite, the grid spacing for the largest unit cells 
was 0.11 Å. The details of the unit cell optimization of Mordenite are shown in appendix 6.1.           
2.2 Experimental work  
   In the experimental work the Mordenite (SiO2/Al2O3=20) obtained from Zeolyst (CBV21A) was 
used. The initial ammonium form was converted to the acidic form, H-MOR, by heating it at 773 K 
(heating rate 1K/min) overnight in a flow of dry air. Before the experiments the catalysts were 
calcined at 773 K in a flow (200 Nml min-1 g-1) of 10 % O2 in N2 for 3 h (heating rate 1 K min-1) 
and cooled down to the reaction temperature.  
   The DME carbonylation experiments were performed in a high-pressure fixed-bed reactor (Figure 
6) [18]. A catalyst bed (0.15 g to 3.00 g, 125-250 μm particle diameter) was placed in a quartz tube 
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(OD 10 mm, ID 8 mm), inside a stainless steel pressure shell. The pressure shell keeps the pressure 
outside the quartz tube at the same level as the pressure inside. The reactor temperature is 
monitored by a K-type thermocouple, located inside the pressure shell. The reported temperature is 
the average of the temperature along the catalyst bed, and the temperature along the bed is within 1 
°C of the average value. The gases (≥ 99.97 % N2, ≥ 99.999 % CO, ≥ 99.9 % Air, 2 % DME in CO 
(± 2% analytical uncertainty)) were supplied from pressurized cylinders via Brooks 5850S mass 
flow controllers. The liquids were added by an HPLC pump (Gilson, Model 305, 5SC pump head).   
   Product characterization downstream from the reactor has been conducted using a GC-FID/TCD 
detection system. The oxygenates characterized in the experiment, are methanol, 1-butanol, methyl 
acetate, acetic acid and dimethyl ether. The characterized hydrocarbons are methane. For gaseous 
components the areas of the GC peaks have been related to concentrations by calibration against 
certified gas mixtures (± 2% from AGA A/S). For liquid components (at standard conditions), the 
calibrations have been made, using gas mixtures prepared by injection of a known volume of the 
liquid component in a Tedlar bag and allowing the liquid to evaporate. The product characterization 
relied on online GC analysis. In the experiment in which ketene was observed a mass spectrometer 
was also used for effluent gas analysis (Hiden Analytical QGA).  
   The downstream tubing is heat traced to avoid condensation of the reaction products. The gas 
flow rate is measured downstream from the reactor with a soap film bubble flow meter, operating at 
ambient temperature and pressure.  
   The measured flow rate and the measured concentration of component i, is used to determine the 
molar flow rate of component i, denoted Fi. The reported CO and DME conversions, XCO and XDME, 
respectively, were calculated from the molar flow rates into and out of the reactor. For CO: 
𝑋𝑋𝐶𝐶𝐶𝐶 = 𝐹𝐹𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐹𝐹𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝐹𝐹𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖  
                                                                                                                                                         (10) 
   The conversion of DME was calculated in an analogous way.    
   The product selectivity towards MA is calculated based on the molar content of carbon in the 
products, as measured by an online GC, according to the formula: 
𝑆𝑆𝑀𝑀𝑀𝑀 = 3 ⋅ 𝐹𝐹𝑀𝑀𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜3 ⋅ 𝐹𝐹𝑀𝑀𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜 + 𝐹𝐹𝑀𝑀𝑀𝑀𝐶𝐶𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜 + 2 ⋅ 𝐹𝐹𝑀𝑀𝐴𝐴𝐶𝐶𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜  
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                                                                                                                                                         (11) 
   Because the reaction mixtures in all experiments mainly consist of CO (≥ 98 %), the carbon 
balance for the reactions is calculated based on the carbon coming from DME. Including CO in the 
calculation, could potentially result in carbon balances artificially close to 100 %. The carbon 
balance is calculated, based  on the molar content of carbon in DME, MA, MeOH and acetic acid: 
𝐶𝐶𝑋𝑋 = 𝐹𝐹𝐷𝐷𝑀𝑀𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜 + 𝐹𝐹𝑀𝑀𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜 + 0.5 ⋅ (𝐹𝐹𝑀𝑀𝑀𝑀𝐶𝐶𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜 + 𝐹𝐹𝑀𝑀𝐴𝐴𝐶𝐶𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜 )𝐹𝐹𝐷𝐷𝑀𝑀𝐷𝐷𝑖𝑖𝑖𝑖 ⋅ 100% 
                                                                                                                                                         (12) 
   The temperature programmed oxidation (TPO) experiments were performed in a flow reactor 
setup, in a flow of 20 % O2 in N2, at a heating rate of 10 K/min. 100 mg – 250 mg samples were 
used. The setup is described in a previous study of Christensen et al. [53].   
 
Figure 6. High-pressure fixed-bed reactor. 
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3 Results 
   In this section the results obtained in the PhD project are presented. In section 3.1 the reaction 
mechanism of acetyl formation on Mordenite is investigated in detail. In Section 3.2 a combined 
DFT and experimental study of the reaction mechanism of MA synthesis on Mordenite is shown. 
Section 3.3 contains the results of a deactivation study of Mordenite. 
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3.1 The reaction mechanism of the formation of acetyl on Mordenite 
   In this study an unprecedented insight into the carbonylation of dimethyl ether over Mordenite 
was provided through the identification of ketene (CH2CO) as a reaction intermediate [54] (See 
SECTION 3.2 for the article). The formation of ketene was predicted by detailed DFT 
calculations and verified experimentally by the observation of doubly deuterated acetic acid 
(CH2DCOOD), when D2O was introduced in the feed during the carbonylation reaction. 
   The additional experimental details, which are not included in the article, are shown in 
Appendix 6.6.1 (Experiment with D2O) and 6.6.2 (Experiment with H2O). 
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3.2 Ketene as a Reaction Intermediate in the Carbonylation of Dimethyl Ether to Methyl 
Acetate over Mordenite 
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3.3 A combined DFT and experimental study of the reaction mechanism of dimethyl ether 
carbonylation to methyl acetate on Mordenite 
Here the reaction mechanism of dimethyl ether carbonylation to methyl acetate on Mordenite 
was studied with periodic density functional theory calculations including dispersion forces and 
experimentally at pressures between 10 bar and 100 bar (See section 3.4 for the article 
manuscript). The theoretical study showed that the reaction of CO with the surface methyl 
groups, the rate-limiting step, is faster in the side pockets than in the main channel. 
Additionally, in contrast to the previous DFT studies of this reaction, the reaction of dimethyl 
ether with surface acetyl was demonstrated to occur with low energy barriers in the side pockets 
and in the main channel. The experimental study of the reaction kinetics showed that methyl 
acetate inhibits the reaction rate by forming inactive complexes with surface methyl groups.     
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3.4 Reaction Mechanism of Dimethyl Ether Carbonylation to Methyl Acetate on Mordenite 
– A Combined DFT/Experimental Study 
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3.5 A study of the deactivation of Mordenite during dimethyl ether carbonylation to methyl 
acetate   
As a first step in the investigation of Mordenite deactivation, we performed a series of DME 
carbonylation experiments at a fixed total pressure and various DME concentrations in CO. The 
space time yield (STY) of MA and MeOH during these experiments, are shown in Figure 7 and 
the conversion of DME and selectivity towards MA are shown in Figure 8. Because the reaction 
rate of MA synthesis does not depend on the DME pressure, the maximum STY of MA is 
largely the same in all experiments. 
 
Figure 7. Space time yield of methyl acetate (left) and methanol (right) as a function of time on stream during DME 
carbonylation on Mordenite. Reaction conditions: 10.0 bar total pressure, 0.15 % - 2.00 % DME in CO, 300 Nml min-1, 1.5 g 
catalyst, 438 K. 
In the experiment with 0.15 % DME in CO, the maximum reaction rate is slightly lower than in the 
other experiments, due to a very low concentration of DME; this effect is discussed in section 3.2. 
The product selectivity towards MA is high (> 97 %) in all experiments, except the experiment with 
the highest DME concentration (2 %), in which the selectivity towards MA peaks at 95 % and 
declines as the catalyst deactivates. The catalysts deactivate at different rates, depending on the 
DME concentration in the feed; at the highest DME concentration the deactivation is most rapid, 
and as the DME concentration in the feed decreases, the deactivation is slower.  
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Figure 8. DME conversion (left) and selectivity towards MA based on C mol % (right) as a function of time on stream during 
DME carbonylation on Mordenite. Reaction conditions: 10.0 bar total pressure, 0.15 % - 2.00 % DME in CO, 300 Nml min-1, 
1.5 g catalyst, 438 K. 
The STY of MeOH is high in the initiation phase of the experiments and reaches minimum at the 
steady-state phase. After the steady-state has been reached and the deactivation begins, the MeOH 
signal again increases in strength. In all experiments, there is a clear correlation between the 
deactivation degree of the catalyst and the STY of MeOH: the STY of MeOH increases with the 
deactivation degree. The deactivation is due to formation of coke and thereby is not reversible 
(except by burning off the coke). To obtain a measure of the deactivation rate, we define the 
deactivation degree DX as: 
𝐷𝐷𝑋𝑋 = 𝑆𝑆𝑆𝑆𝑌𝑌𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑆𝑆𝑌𝑌𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑌𝑌𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 ⋅ 100% 
                                                                                                                                                         (13) 
𝑆𝑆𝑆𝑆𝑌𝑌𝑀𝑀𝑀𝑀
𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum STY of MA during an experiment and 𝑆𝑆𝑆𝑆𝑌𝑌𝑀𝑀𝑀𝑀 is the STY at a given time 
after 𝑆𝑆𝑆𝑆𝑌𝑌𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 has been reached. In the expression for DX it is assumed that the deactivation begins 
after the steady-state has been reached. This is not necessarily true. However, we use this 
approximation until a better one becomes available. Figure 9 (left) shows plots of the deactivation 
degree, DX, as a function of the deactivation time. The plots of DX are straight lines, showing that 
the catalysts deactivate at a constant rate, which is the slope of the line. The straight lines in Figure 
9 go almost perfectly through the origin and the small deviation can be explained by the maximum 
STY of MA, as shown in Figure 7, is not a single point, but is rather spread over some time. The 
slopes of the plots of DX express the rate at which the rate of MA synthesis decreases (the 
deactivation rate). A plot of the deactivation rates as a function of the average DME pressure in the 
catalyst bed during the experiment is shown in Figure 9 (right). The points lie on a straight line, 
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showing that for a fixed reaction rate and thereby a fixed pressure of MA in catalyst bed, the 
deactivation rate is proportional to the average DME pressure in the catalyst bed. 
 
 
Figure 9. Left: the deactivation degree XD as a function of deactivation time. Blue: 0.15 % DME; Red: 0.50 % DME; Green: 
1.00 % DME; Purple: 2.00 % DME. Right: Deactivation rate as a function of the average DME pressure in the catalyst bed 
during DME carbonylation on Mordenite. Reaction conditions: 10.0 bar total pressure, 0.15 % - 2.00 % DME in CO, 300 
Nml min-1, 1.5 g catalyst, 438 K. 
As a next step, a series of experiment has been performed in which the composition of the 
feed is fixed at 2 % DME in CO, but the total pressure changes. Figure 10 shows the STY of 
MA and MeOH as a function of time on stream during the experiments. In all experiments, the 
steady-state phase is reached after the initiation period, and after that the catalysts loses activity 
due to deactivation. The STY of MeOH decrease in the initiation phase, and gain in strength in 
the deactivation period. The conversion of DME reaches its maximum at the steady-state and 
declines in the deactivation period (Figure 11). The product selectivity towards MA is high in 
all experiments (> 97 %), except the experiment at 10 bar, as already mentioned. Additionally, 
the product selectivity towards MA decreases as the catalyst deactivates. Figure 12 shows the 
deactivation degree of the catalyst as a function of the deactivation time.  
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Figure 10. Space time yield of methyl acetate (left) and methanol (right) as a function of time on stream during DME 
carbonylation on Mordenite. Reaction conditions: 10.0 bar – 100.0 bar total pressure, 2.00 % DME in CO, 300 Nml min-1, 1.5 
g catalyst, 438 K. 
 
 
Figure 11. DME conversion (left) and selectivity towards MA based on C mol % (right) as a function of time on stream 
during DME carbonylation on Mordenite. Reaction conditions: 10.0 bar – 100.0 bar total pressure, 2.00 % DME in CO, 300 
Nml min-1, 1.5 g catalyst, 438 K. 
In contrast to the experiments at a fixed total pressure, in the experiments with a fixed feed 
composition there is weak negative correlation between the deactivation rate and the average 
DME pressure in the catalyst bed (Figure 12, right). This demonstrates that reaction rate and 
thereby the average pressure of MA in the  catalyst bed also affects the deactivation rate. The 
precise dependence of the deactivation rate on the DME and MA remains, however, not well 
understood. Although, MA is seen to inhibit the deactivation rate. 
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Figure 12. Left: the deactivation degree XD as a function of deactivation time. Right: Deactivation rate as a function of the 
average DME pressure or a ratio between the average DME and MA pressure in the catalyst bed during DME carbonylation 
on Mordenite. Reaction conditions: 10 bar – 100 bar total pressure, 2.00 % DME in CO, 300 Nml min-1, 1.5 g catalyst, 438 K. 
   We have performed temperature programmed oxidation experiments on the spent catalyst used for 
the deactivation tests at a fixed feed mixture to obtain information on the type of coke deposited 
during the experiments. The results of the  TPO analysis are shown in Figure 13. The ratio between 
the hard coke and soft coke depends strongly on the total reaction pressure, and is highest for the 
experiment performed at 10 bar and decreases with increasing total pressure.  
   
Figure 13. Left: the TPO analysis of the spent catalysts used for deactivation experiments. Right: the ratio between the areas 
of the TPO peaks corresponding to  the hard and soft coke. Reaction conditions: 10 bar – 100 bar total pressure, 2.00 % 
DME in CO, 300 Nml min-1, 1.5 g catalyst, 438 K. 
   The analyzed catalysts were on stream for approximately 20 h (10 bar: 21 h; 25 bar: 20 h, 50 bar: 
20 h; 100 bar: 18.3 h). However, the deactivation times for the catalysts were different because of 
the different durations of the initiation phase. Consequently, we can conclude that it is advantageous 
to run the reaction at high pressures because it reduces the deactivation rate and the ratio between 
hard coke and soft coke, making a regeneration process easier. Figure 14 shows the total amount of 
MA and MeOH produced in the deactivation experiments. The amount MA increases with 
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increasing pressure, although the gain is largest for increasing the pressure from 10 bar to 50 bar. 
For higher pressures the improvements are smaller.  
 
Figure 14. The total amount of methyl acetate and methanol produced in the deactivation experiments. Reaction conditions: 
10 bar – 100 bar total pressure, 2.00 % DME in CO, 300 Nml min-1, 1.5 g catalyst, 438 K. 
In this section the results of the deactivation study of Mordenite under MA synthesis 
conditions were presented. For a fixed pressure of CO and thereby a fixed reaction rate, the rate 
of catalyst deactivation is proportional to the average DME pressure in the catalyst bed. If the 
DME concentration in the feed is fixed, the deactivation rate decreases with increasing total 
pressure, the exact nature of this effect remains, however, equivocal. It is advantageous to run 
DME carbonylation at high pressures, as increasing the reaction pressure increases the amount 
of MA the catalyst can produce in its life time and reduces the amount of hard coke that is 
formed.    
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4 Conclusion 
   In this project the reaction mechanism of dimethyl ether (DME) carbonylation to methyl acetate 
(MA) on Mordenite was studied experimentally and by density function theory (DFT) calculations. 
It was demonstrated experimentally that ketene (C2H2O) is a reaction intermediate, a result 
predicted by the DFT calculations. This is a novel result, which was not known previously. Ketene 
is a reactive molecule that easily forms polymers and its presence in the catalyst during the MA 
synthesis may be related to the rapid catalyst deactivation.  
   The kinetic study of the reaction has revealed that MA inhibits the reaction rate. A kinetic model 
that takes the effect of MA inhibition into account was developed. The model describes the reaction 
rate at the steady-state and provides an excellent description of the experimental data. The 
inhibition of the reaction rate by MA sets a limit on the conversion of reactants, which can be 
achieved in a process. This is an undesirable property in the industrial perspective. 
    A deactivation study of Mordenite has revealed that the deactivation rate of the catalyst is 
proportional to the average DME pressure in the catalyst bed for a fixed MA pressure. MA inhibits 
the deactivation rate. These results show that the catalyst should be operated at as low DME 
pressures as possible. A practical realization of such an operation mode would be a reactor in which 
DME is gradually added along the reactor, so the DME pressure is low everywhere in the catalyst 
bed. However, the effect of MA inhibition needs to be mitigated before a practical reactor for MA 
synthesis can be designed.   
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5 Future work 
   Currently, Mordenite is not very attractive as a catalyst for DME carbonylation because of its 
rapid deactivation and the undesirable property that the reaction rate is inhibited by the product. An 
effective solution of the stability problem requires a more comprehensive study of the deactivation 
mechanism. A better understanding of the reactions leading to catalyst deactivation could 
potentially make it possible to inhibit them and thereby prolong the time the catalyst can be used 
before a regeneration is necessary. The inhibition of the reaction rate by MA requires another study 
of the possible modifications of Mordenite, which could make the methyl groups react selectively 
with CO instead of reacting with MA. It has been shown in a study of Blasco et al. that a Cu 
modified Mordenite produces MA during MeOH carbonylation, while an unmodified Mordenite 
produces acetic acid [55]. The reaction mechanism proposed in this study involves an active site 
composed of a bridged Brønsted acid site and a neighboring Cu+. Methyl groups are formed on the 
Brønsted acid sites, while Cu+ activates CO and preferentially binds DME compared to MeOH and 
water. If Cu+ adsorbs CO and activates it preferentially to MA this system could potentially also be 
useful for DME carbonylation. A study of this system and of Mordenite exchanged with other metal 
cations could potentially contribute to an enhancement of the properties of Mordenite.  
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6 Appendix 
6.1 Optimization of the unit cell of Mordenite 
   In this study only the unit cell of purely siliceous Mordenite was optimized and the obtained 
parameters were used in the following calculations. This is a reasonable approximation because it 
was shown in a DFT study of Mordenite, by Demuth et al. [56] that a substitution of a single Si 
with Al in the framework had a minimal effect on the lattice constants and could be neglected.  
   The optimization was carried out in two steps. First, the unit vectors were homogenously scaled 
from 95% to 105% of the experimental values. The relation between the volume V and the 
homogenous scaling factor x, is: 
𝑉𝑉𝑚𝑚 = 𝑥𝑥𝑥𝑥 ⋅ 𝑥𝑥𝑥𝑥 ⋅ 𝑥𝑥𝑥𝑥 , 𝑥𝑥 ∈ [0.95; 1.05]  (14) 
   The volume of the unit cell changes correspondingly from 86% (0.953) to 116% (1.053). Five, 
equispaced values of x are chosen and the total energies of the resulting systems are calculated: 
  𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑡𝑡(𝑥𝑥)  (15) 
   Table 2 shows a plot of the energy as a function of x. The points are fitted with a fourth order 
polynomial and the optimal value of x, xv, is found by calculating the minimum of the polynomial. 
This is a crude estimation of the optimal volume, and it was only used to get an approximate value 
the scaling factor, xv. 
Table 2. Optimization of the unit cell of Mordenite, using homogenous scaling of the unit vectors. Calculations were 
made using the RPBE exchange-correlation functional.  
x Etotal [eV] 
 
0.950 -1070.7665 
0.975 -1080.9676 
1.000 -1086.9587 
1.025 -1087.9941 
1.050 -1081.8133 
  
xv=1.0172 Ev=-1088.3094 
  
 
y = 1.616E+05x4 - 6.,303E+05x3 + 9.252E+05x2 - 
6.061E+05x + 1.485E+05 
R² = 1.000E+00 
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-1080
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   Next, the vector lengths, obtained from the first step, were varied independently. In the first run, 
the scaling factors: x, y and z, were scanned in a broad interval:  
𝑥𝑥,𝑦𝑦, 𝑧𝑧 ∈ [𝑥𝑥𝑣𝑣 − 0.05; 𝑥𝑥𝑣𝑣 + 0.05]  (16) 
   The calculations are computationally very demanding so only three equispaced values for every 
scaling factor were used: 
 𝑥𝑥 ∈ [𝑥𝑥1, 𝑥𝑥2, 𝑥𝑥3] 
 𝑦𝑦 ∈ [𝑦𝑦1,𝑦𝑦2,𝑦𝑦3] (17) 
 𝑧𝑧 ∈ [𝑧𝑧1, 𝑧𝑧2, 𝑧𝑧3] 
This amounted to a total of 27 total energy values: 
   𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑡𝑡(𝑥𝑥,𝑦𝑦, 𝑧𝑧)  (18) 
   A second order polynomial was fitted to the data, using the polyfit function of ASE. The resulting 
approximation,𝐸𝐸𝑝𝑝𝑜𝑜𝑡𝑡𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑡𝑡(𝑥𝑥,𝑦𝑦, 𝑧𝑧) gave the total energy of the system as a function of the scaling 
parameters. The values of x, y and z, minimizing the total energy, were found by calculation the 
minimum of𝐸𝐸𝑝𝑝𝑜𝑜𝑡𝑡𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑡𝑡. This was done using the BFGS algorithm in ASE. The optimized values are 
called xmin1, ymin1, zmin1. This procedure was repeated and the scaling vectors were scanned in a 
narrow interval, using the optimized scaling factors: 
𝑥𝑥 ∈ [𝑥𝑥𝑚𝑚𝑖𝑖𝑖𝑖1 − 0.01; 𝑥𝑥𝑚𝑚𝑖𝑖𝑖𝑖1 + 0.01]  
𝑦𝑦 ∈ [𝑦𝑦𝑚𝑚𝑖𝑖𝑖𝑖1 − 0.01;𝑦𝑦𝑚𝑚𝑖𝑖𝑖𝑖1 + 0.01]  (19)  
𝑧𝑧 ∈ [𝑧𝑧𝑚𝑚𝑖𝑖𝑖𝑖1 − 0.01; 𝑧𝑧𝑚𝑚𝑖𝑖𝑖𝑖1 + 0.01]   
   While varying the scaling factors individually, it was confirmed that the sampled interval was 
large enough. This was done by checking that the values found by the BFGS algorithm were in the 
scanned intervals.  
   The optimized unit cell parameters, calculated using the RPBE and the BEEF-vdW functionals, 
are shown in Table 3. The details of the calculations are presented in appendix 6.2. 
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Table 3. Unit cell parameters for Mordenite, calculated using the RPBE, BEEF-vdW, LDA and GGA exchange-
correlation functionals. 
Homogenous volume variation 
XC functional RPBE BEEF-vdW 
Vector a b c a b c 
[Å] 18.570 20.887 7.672 18.444 20.745 7.620 
Volume [Å3] 2976 2915 
Volume deviation from 
experimental value  
5.3% 3.1% 
Independent vector variation 
XC functional RPBE BEEF 
Vector a b c a b c 
[Å] 18.505 20.877 7.664 18.323 20.795 7.626 
Volume [Å3] 2961 2906 
Volume deviation from 
experimental value [%] 
4.7% 2.8% 
Demuth et al. [56] – independent vector variation 
XC functional LDA GGA 
Vector a b c a B c 
[Å] 18.101 20.501 7.526 18.260 20.706 7.606 
Volume [Å3] 2793 2876 
Volume deviation from 
experimental value  
1.2% 1.7% 
 
   The unit cell parameters calculated, using the BEEF-vdW functional (BEEF-vdW), are in better 
agreement with the experimental results than the values obtained using the RPBE exchange-
correlation functional (RPBE) (Table 1). This is a well-known behavior [46]. In the study of 
Demuth et al. [56], the unit cell of Mordenite was optimized and the DFT calculations were 
performed, both using an LDA [57] and a GGA [58] functionals. The results obtained with the 
GGA functional, which is of the same type as the RPBE functional, are similar to the results 
obtained in this study, with the unit vectors, being slightly overestimated.  
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6.2 Optimization of the unit cell 
RPBE, uniform vector variation. 
 
Scaling factor, 
x Total Energy [eV] 
 
0.950 -1070.7665 
0.975 -1080.9676 
1.000 -1086.9587 
1.025 -1087.9941 
1.050 -1081.8133 
  
 
Fitting of the data with a 4th order polynomial gives: 
y=161578.66665649x4-630281.59995880x3+925236.37327191x2 
-606093.16396002x+148472.76529041 
The minimum is found, using Excel’s solver: 
xmin = 1.0172, and E(xmin)=-1088,3094 eV.  
The corresponding unit vectors are: 
a b c 
18.570 20.887 7.672 
    
RPBE, independent vector variation: 
Every vector is first multiplied with a scaling factor in the interval [1.00;1.06]. Corresponding 
to the volume of the unit cell being varied from 100% to 119%. The calculated unit vectors are: 
 
 
y = 1.616E+05x4 - 6.303E+05x3 + 9.252E+05x2 - 
6.061E+05x + 1.485E+05 
R² = 1.000E+00 
-1090
-1085
-1080
-1075
-1070
-1065
0.950 0.975 1.000 1.025 1.050
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a b c 
18.524 20.888 7.663 
Scaling vectors 
1.01469430 1.01725786 1.01605913 
    
Next, the experimentally determined vectors are multiplied with the calculated scaling factors, 
varied ± 0.01. The calculated unit vectors are: 
a b c 
18.524 20.888 7.663 
Scaling vectors 
1.01361386 1.01669025 1.01616688 
The total energy of the unit cell with these parameters is: E=-1086.4368 
 
BEEF-vdW, uniform vector variation. 
 
Scaling factor, 
x Total Energy [eV] 
 
0.950 -3521.1629 
0.975 -3530.2095 
1.000 -3534.8269 
1.025 -3534.2165 
1.050 -3526.3123 
  
 
Fitting of the data with a 4th order polynomial gives: 
y = 1.35189333E+05x4 - 5.25479466E+05x3 + 7.69400145E+05x2 
               - 5.03208914E+05x + 1.20564075E+05 
 
The minimum is found, using Excel’s solver: 
xmin = 1.0103, and E(xmin)=-3535.2979 eV.  
 
y = 1.352E+05x4 - 5.255E+05x3 + 7.694E+05x2 - 
5.032E+05x + 1.206E+05 
R² = 1.000E+00 
-3538
-3536
-3534
-3532
-3530
-3528
-3526
-3524
-3522
-3520
0.950 0.975 1.000 1.025 1.050
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The corresponding unit vectors are: 
 
a b c 
18.444 20.745 7.620 
    
BEEF-vdW, independent vector variation: 
Every vector is first multiplied with a scaling factor in the interval [0.98;1.08]. Corresponding 
to the volume of the unit cell being varied from 94% to 126%. The calculated unit vectors are: 
a b c 
18.491 20.578 7.575 
Scaling vectors 
1.01286335 1.00214309 1.00438285 
 
    
Next, the experimentally determined vectors are multiplied with the calculated scaling factors, 
varied ± 0.01. The calculated unit vectors are: 
a b c 
18.323 20.795 7.626 
Scaling vectors 
1.00369235 1.01270062 1.01118240 
 
The total energy of the unit cell with these parameters is: E=-3534.5037. 
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RPBE, independent vector variation. 
Values of x, y, z and the corresponding energies that were calculated for: 
𝑥𝑥 ∈ [𝑥𝑥𝑚𝑚𝑖𝑖𝑖𝑖1 − 0.01; 𝑥𝑥𝑚𝑚𝑖𝑖𝑖𝑖1 + 0.01]  
𝑦𝑦 ∈ [𝑦𝑦𝑚𝑚𝑖𝑖𝑖𝑖1 − 0.01;𝑦𝑦𝑚𝑚𝑖𝑖𝑖𝑖1 + 0.01]    
𝑧𝑧 ∈ [𝑧𝑧𝑚𝑚𝑖𝑖𝑖𝑖1 − 0.01; 𝑧𝑧𝑚𝑚𝑖𝑖𝑖𝑖1 + 0.01]   
are shown in the table below: 
 
 
The optimized values of the scaling factors and the total energy, as calculated by BFGS: 
 
 
The result was stable with respect to the choice of the initial guess of x, y and z.  
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BEEF-vdW, independent vector variation. 
Values of x, y, z and the corresponding energies that were calculated for: 
𝑥𝑥 ∈ [𝑥𝑥𝑚𝑚𝑖𝑖𝑖𝑖1 − 0.01; 𝑥𝑥𝑚𝑚𝑖𝑖𝑖𝑖1 + 0.01]  
𝑦𝑦 ∈ [𝑦𝑦𝑚𝑚𝑖𝑖𝑖𝑖1 − 0.01;𝑦𝑦𝑚𝑚𝑖𝑖𝑖𝑖1 + 0.01]    
𝑧𝑧 ∈ [𝑧𝑧𝑚𝑚𝑖𝑖𝑖𝑖1 − 0.01; 𝑧𝑧𝑚𝑚𝑖𝑖𝑖𝑖1 + 0.01]   
are shown in the table below: 
 
 
The optimized values of the scaling factors and the total energy, as calculated by BFGS: 
 
The result was stable with respect to the choice of the initial guess of x, y and z. 
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6.3 DFT convergence tests 
The convergence of the calculations with respect to the real grid spacing, number of k-points 
and the electronic temperature was tested. The test consisted of calculations of total energy of a 
single unit cell of purely siliceous Mordenite (Figure 15) for a number of values, for every 
parameter. This is the strictest test of convergence, because the adsorption energies usually 
converge faster, than the total energies. In the case of adsorption energies, the faster 
convergence is related to error cancelation, when the total energies of similar structures are 
subtracted from each other.    
 
Figure 15. Test system. 
 The results show that the calculations are completely converged with respect to the number of 
k-points and the electronic temperature (Table 4). The grid spacing, used for calculation of 
adsorption energies, is in the region where only a relatively small change of the total energy 
occurs, which is sufficient for this type of calculation. 
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Table 4. Total energies as a function of the varied parameter. 
  
  
Figure 16 shows a convergence test of the formation energy with respect to the grid spacing 
for a gas phase reaction: 
DME + CO → MA 
The convergence test of the formation energy of a methyl group on Mordenite (T1-O4 site), 
with respect to the grid spacing is shown in Figure 17. The reaction scheme is: 
DME(v) + H-Z → CH3-Z + MeOH(v) 
In both cases, a grid spacing of 0.20 Å is completely sufficient to obtain reliable values of the 
formation energies. Throughout this project we use a grid spacing of 0.18 Å, to minimize the 
error on the calculated energies arising from the incompleteness of the basis set, in which the 
electronic densities and wave functions are calculated. 
  
77 
 
 
Figure 16. Convergence test of the formation energy for the gas phase reaction of DME with CO, in which MA is 
formed, with respect to the grid spacing. 
 
 
Figure 17. Convergence test of the formation energy of a methyl group on Mordenite from a Brønsted acid site and a 
DME molecule in vacuum, with respect to the grid spacing.  
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6.4 Experiments examining DME carbonylation on Mordenite 
   In the following subsections the raw data from the experimental work are presented.  
   In sections 6.6.1 and 6.6.2 the results from the experiments in which ketene was detected are 
shown.  
   The experiments in which the dependence of the MA synthesis rate on the DME concentration in 
CO at 10 bar are shown in sections 6.6.3 - 6.6.7. 
   The dependence of the MA synthesis rate on the total pressure at a fixed reactant mix, are shown 
in sections 6.6.7 - 6.6.13. 
   The rate of MA synthesis at 10 bar (2% DME in CO) and 458 K was investigated in experiment, 
shown in section 6.6.14. 
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6.4.1 Experiment 1 – Experimental detection of ketene, experiment with D2O 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total Pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
3.0006 164.76 437.91 302.3 10.00 2.0 98.0 
 
Calibration of the reactant flow (2% DME in CO) 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 28.8 °C 8.66 50 337.76 297.91 
MFC4 Controller 17.13 100 341.51 301.21 
Setpoint 300.0 25.63 150 342.37 301.97 
 
33.41 200 350.19 308.87 
 
41.69 250 350.80 309.41 
 
58.72 350 348.69 307.54 
 
67.75 400 345.39 304.63 
 
75.91 450 346.79 305.87 
 
84.94 500 344.36 303.73 
 
8.65 50 338.15 298.25 
 
17.30 100 338.15 298.25 
 
25.97 150 337.89 298.02 
 
34.68 200 337.37 297.56 
 
42.77 250 341.95 301.60 
 
59.62 350 343.43 302.90 
 
68.9 400 339.62 299.55 
 
85.69 500 341.35 301.07 
 
17.03 100 343.51 302.98 
 
42.84 250 341.39 301.10 
Average 
  
342.7 302.30 
Standard Deviation 
  
 3.7 
Relative Standard Deviation [%] 
  
 1.2 
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Figure 18. Temperature profile through the catalyst bed during the experiment. 
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6.4.2 Experiment 2 – Experimental detection of ketene, control experiment with H2O 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
3.0013 165.36 438.51 299.1 10.00 2.0 98.0 
 
Calibration of the reactant flow (2% DME in CO) 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 24.7 °C 45.24 250 323.28 296.45 
MFC2 Controller 17.86 100 327.55 300.36 
Setpoint 85.0 17.87 100 327.36 300.20 
 
44.80 250 326.45 299.36 
Average 
  
326.2 299.09 
Standard Deviation 
  
 1.6 
Relative Standard Deviation [%] 
  
 0.5 
 
 
 
 
Figure 19. Temperature profile through the catalyst bed during the experiment. 
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6.4.3 Experiment 3 – DME carbonylation (10 bar, 0.15 % DME in CO, 438 K) 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
1.4999 164.49 437.64 302.0 10.00 0.15 99.85 
 
Calibration of the CO flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 22.9 °C  48.15 250 303.74 280.25 
MFC2 Controller 48.04 250 304.43 280.89 
Setpoint 88.0 48.19 250 303.49 280.02 
 
48.29 250 302.86 279.44 
 48.05 250 304.37 280.84 
 48.10 250 304.05 280.54 
Average 
  
303.8 280.33 
Standard Deviation 
  
 0.5 
Relative Standard Deviation [%] 
  
 0.2 
 
 
Calibration of the combined CO, CO/DME (2% DME) flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 22.9 °C 44.76 250 326.74 301.48 
MFC2 Controller 44.72 250 327.03 301.75 
Setpoint 88.0 44.79 250 326.52 301.28 
MFC4 Controller 44.59 250 327.99 302.63 
Setpoint 18.0 44.59 250 327.99 302.63 
 44.69 250 327.25 301.95 
Average 
  
327.3 301.95 
Standard Deviation 
  
 0.5 
Relative Standard Deviation [%] 
  
 0.2 
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Figure 20. Temperature profile through the catalyst bed during the experiment. 
 
Figure 21. MA concentration and DME conversion during the experiment. 
 
Figure 22. DME and CO concentrations during the experiment. 
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Figure 23. Selectivity towards MA based on C and the C balance during the experiment. 
 
 
Figure 24. MeOH and AcOH concentrations during the experiment. 
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6.4.4 Experiment 4 – DME carbonylation (10 bar, 0.52 % DME in CO, 438 K) 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
1.5004 164.47 437.62 300.1 10.00 0.52 99.48 
 
Calibration of the CO flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 23.1 °C  47.89 200 244.31 225.23 
MFC2 Controller 47.83 200 244.62 225.51 
Setpoint 71.0 59.58 250 245.47 226.30 
 
47.91 200 244.21 225.14 
 59.67 250 245.10 225.96 
 59.59 250 245.43 226.26 
 47.86 200 244.46 225.37 
Average 
  
244.8 225.68 
Standard Deviation 
  
 0.4 
Relative Standard Deviation [%] 
  
 0.2 
 
 
Calibration of the combined CO, CO/DME (2% DME) flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 23.2 °C 44.89 250 325.80 300.32 
MFC2 Controller 44.75 250 326.82 301.26 
Setpoint 71.0 44.89 250 325.80 300.32 
MFC4 Controller 44.83 250 326.23 300.72 
Setpoint 70.0 44.83 250 326.23 300.72 
 44.77 250 326.67 301.13 
Average 
  
326.3 300.75 
Standard Deviation 
  
 0.4 
Relative Standard Deviation [%] 
  
 0.1 
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Figure 25. Temperature profile through the catalyst bed during the experiment. 
 
Figure 26. MA concentration and DME conversion during the experiment. 
 
Figure 27. DME and CO concentrations during the experiment. 
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Figure 28. Selectivity towards MA based on C and the C balance during the experiment. 
 
 
Figure 29. MeOH and AcOH concentrations during the experiment. 
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6.4.5 Experiment 5 – DME carbonylation (10 bar, 1.04 % DME in CO, 438 K) 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
1.5006 164.79 437.94 298.3 10.00 1.04 98.96 
 
Calibration of the CO flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 25.4 °C  18.12 50 161.42 147.71 
MFC2 Controller 35.56 100 164.51 150.54 
Setpoint 41.0 53.27 150 164.73 150.74 
 
70.27 200 166.50 152.36 
 88.33 250 165.57 151.51 
 18.33 50 159.57 146.02 
 35.70 100 163.87 149.95 
 53.36 150 164.45 150.48 
 71.02 200 164.74 150.75 
 88.33 250 165.57 151.51 
 124.14 350 164.93 150.93 
 142.83 400 163.83 149.92 
 159.49 450 165.06 151.04 
 177.83 500 164.48 150.51 
 17.56 50 166.57 152.43 
 35.37 100 165.39 151.35 
 53.06 150 165.38 151.33 
 71.18 200 164.37 150.41 
 88.71 250 164.86 150.86 
Average 
  
164.5 150.55 
Standard Deviation 
  
 1.4 
Relative Standard Deviation [%] 
  
 1.0 
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Calibration of the combined CO, CO/DME (2% DME) flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 25.2 °C 9.20 50 317.9 291.1 
MFC2 Controller 17.83 100 328.1 300.4 
Setpoint 41.0 26.58 150 330.1 302.2 
MFC4 Controller 35.99 200 325.1 297.6 
Setpoint 140.0 44.87 250 325.9 298.4 
 63.58 350 322.0 294.8 
 72.23 400 324.0 296.6 
 80.49 450 327.1 299.4 
 89.23 500 327.8 300.1 
 8.78 50 333.1 305.0 
 17.57 100 333.0 304.8 
 26.69 150 328.8 301.0 
 44.44 250 329.1 301.3 
 63.19 350 324.0 296.6 
 72.47 400 322.9 295.6 
 81.19 450 324.2 296.8 
 90.13 500 324.5 297.1 
 89.61 500 326.4 298.8 
 27.38 150 320.5 293.4 
 45.26 250 323.1 295.8 
Average 
  
325.9 298.3 
Standard Deviation 
  
 
3.5 
Relative Standard Deviation [%] 
  
 
1.2 
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Figure 30. Temperature profile through the catalyst bed during the experiment. 
 
Figure 31. MA concentration and DME conversion during the experiment. 
 
Figure 32. DME and CO concentrations during the experiment. 
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Figure 33. Selectivity towards MA based on C and the C balance during the experiment. 
 
 
Figure 34. MeOH and AcOH concentrations during the experiment. 
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6.4.6 Experiment 6 – DME carbonylation (10 bar, 1.04 % DME in CO, 438 K) 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
0.5008 164.83 437.98 298.3 10.00 1.04 98.96 
 
The flow was calibrated 4 days before this experiment in experiment 5. 
 
 
 
Figure 35. Temperature profile through the catalyst bed during the experiment. 
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Figure 36. MA concentration and DME conversion during the experiment. 
 
Figure 37. DME and CO concentrations during the experiment. 
 
 
Figure 38. Selectivity towards MA based on C and the C balance during the experiment. 
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Figure 39. MeOH and AcOH concentrations during the experiment. 
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6.4.7 Experiment 7 – DME carbonylation (10 bar, 2.0 % DME in CO, 438 K) 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
1.5002 164.89 438.04 311.76 10.00 2.00 98.00 
 
 
Calibration of the CO/DME (2% DME) flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 28.0 °C 25.62 150 342.51 310.67 
MFC4 Controller 8.62 50 339.33 307.79 
Setpoint 300.0 25.59 150 342.91 311.04 
 8.65 50 338.15 306.72 
 25.62 150 342.51 310.67 
 16.90 100 346.15 313.98 
 33.93 200 344.83 312.78 
 42.35 250 345.34 313.24 
 17.04 100 343.31 311.40 
 33.95 200 344.62 312.59 
 8.54 50 342.51 310.67 
 25.51 150 343.98 312.01 
 59.95 350 341.53 309.79 
 77.29 450 340.60 308.94 
 8.40 50 348.21 315.85 
 25.30 150 346.84 314.60 
 33.77 200 346.46 314.26 
 16.90 100 346.15 313.98 
 33.97 200 344.42 312.41 
Average 
  
343.70 311.76 
Standard Deviation 
  
 2.3 
Relative Standard Deviation [%] 
  
 0.7 
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Figure 40. Temperature profile through the catalyst bed during the experiment. 
 
Figure 41. MA concentration and DME conversion during the experiment. 
 
Figure 42. DME and CO concentrations during the experiment. 
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Figure 43. Selectivity towards MA based on C and the C balance during the experiment. 
 
 
Figure 44. MeOH and AcOH concentrations during the experiment. 
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6.4.8 Experiment 8 – DME carbonylation (25 bar, 2.0 % DME in CO, 438 K) 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
1.5002 165.28 438.43 299.28 25.00 2.00 98.00 
 
 
Calibration of the CO/DME (2% DME) flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 28.9 °C 8.84 50 330.88 299.19 
MFC4 Controller 17.05 100 343.11 310.25 
Setpoint 311.0 17.17 100 340.71 308.08 
 42.64 250 342.99 310.14 
 17.10 100 342.11 309.34 
 34.29 200 341.21 308.53 
 42.60 250 343.31 310.43 
 8.73 50 335.05 302.96 
 25.86 150 339.33 306.83 
 42.89 250 340.99 308.33 
 8.88 50 329.39 297.85 
 34.34 200 340.71 308.08 
 42.78 250 341.87 309.13 
 17.13 100 341.51 308.80 
 34.38 200 340.31 307.72 
 60.48 350 338.54 306.12 
 69.42 400 337.08 304.80 
 8.79 50 332.76 300.90 
 25.51 150 343.98 311.04 
 42.57 250 343.55 310.65 
Average 
  
339.5 306.96 
Standard Deviation 
  
 
3.8 
Relative Standard Deviation [%] 
  
 
1.2 
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Figure 45. Temperature profile through the catalyst bed during the experiment. 
 
Figure 46. MA concentration and DME conversion during the experiment. 
 
Figure 47. DME and CO concentrations during the experiment. 
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Figure 48. Selectivity towards MA based on C and the C balance during the experiment. 
 
 
Figure 49. MeOH and AcOH concentrations during the experiment. 
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6.4.9 Experiment 9 – DME carbonylation (50 bar, 2.0 % DME in CO, 438 K) 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
1.5006 164.93 438.08 306.07 50.00 2.00 98.00 
 
 
Calibration of the CO/DME (2% DME) flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 28.1 °C 8.81 50 332.01 301.02 
MFC4 Controller 25.90 150 338.80 307.18 
Setpoint 311.0 8.92 50 327.91 297.31 
 34.51 200 339.03 307.39 
 43.05 250 339.72 308.01 
 17.37 100 336.79 305.35 
 34.53 200 338.84 307.21 
 42.98 250 340.27 308.51 
 8.93 50 327.55 296.97 
 25.97 150 337.89 306.35 
 42.81 250 341.63 309.74 
 17.39 100 336.40 305.00 
 34.27 200 341.41 309.54 
 42.83 250 341.47 309.59 
 17.22 100 339.72 308.01 
 34.57 200 338.44 306.85 
 17.29 100 338.35 306.77 
 43.00 250 340.12 308.37 
Average 
  
337.6 306.1 
Standard Deviation 
  
  3.7 
Relative Standard Deviation [%] 
  
  1.2 
 
 
 
  
102 
 
 
 
Figure 50. Temperature profile through the catalyst bed during the experiment. 
 
Figure 51. MA concentration and DME conversion during the experiment. 
 
Figure 52. DME and CO concentrations during the experiment. 
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Figure 53. Selectivity towards MA based on C and the C balance during the experiment. 
 
 
Figure 54. MeOH and AcOH concentrations during the experiment. 
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6.4.10 Experiment 10 – DME carbonylation (80 bar, 2.0 % DME in CO, 438 K) 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
1.4998 165.37 438.52 308.63 80.00 2.00 98.00 
 
 
Calibration of the CO/DME (2% DME) flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 26.2 °C 8.77 50 333.52 304.34 
MFC4 Controller 25.68 150 341.71 311.81 
Setpoint 322.0 42.93 250 340.67 310.86 
 17.17 100 340.71 310.90 
 17.22 100 339.72 310.00 
 34.66 200 337.56 308.03 
 8.86 50 330.14 301.25 
 26.04 150 336.98 307.50 
 43.07 250 339.56 309.85 
 8.66 50 337.76 308.21 
 25.69 150 341.57 311.69 
 42.91 250 340.83 311.01 
 17.18 100 340.51 310.72 
 43.09 250 339.41 309.71 
 60.77 350 336.93 307.45 
 87.06 500 335.98 306.58 
 25.92 150 338.54 308.92 
 60.89 350 336.26 306.84 
 77.92 450 337.85 308.29 
Average 
  
338.2 308.6 
Standard Deviation 
  
  2.6 
Relative Standard Deviation [%] 
  
  0.8 
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Figure 55. Temperature profile through the catalyst bed during the experiment. 
 
Figure 56. MA concentration and DME conversion during the experiment. 
 
Figure 57. DME and CO concentrations during the experiment. 
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Figure 58. Selectivity towards MA based on C and the C balance during the experiment. 
 
 
Figure 59. MeOH and AcOH concentrations during the experiment. 
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6.4.11 Experiment 11 – DME carbonylation (100 bar, 2.0 % DME in CO, 438 K) 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
1.5000 165.24 438.39 310.41 100.00 2.00 98.00 
 
 
Calibration of the CO/DME (2% DME) flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 26.8 °C 8.53 50 342.91 312.32 
MFC4 Controller 17.21 100 339.92 309.60 
Setpoint 326.6 25.97 150 337.89 307.75 
 42.74 250 342.19 311.66 
 8.41 50 347.80 316.78 
 25.69 150 341.57 311.11 
 34.28 200 341.31 310.86 
 17.29 100 338.35 308.17 
 34.13 200 342.81 312.23 
 60.51 350 338.37 308.19 
 78.29 450 336.25 306.26 
 87.09 500 335.86 305.90 
 16.88 100 346.56 315.65 
 34.37 200 340.41 310.05 
 60.69 350 337.37 307.28 
 78.19 450 336.68 306.65 
 8.43 50 346.98 316.03 
 25.73 150 341.04 310.62 
 42.87 250 341.15 310.72 
Average 
  
340.8 310.41 
Standard Deviation 
  
  3.1 
Relative Standard Deviation [%] 
  
  1.0 
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Figure 60. Temperature profile through the catalyst bed during the experiment. 
 
Figure 61. MA concentration and DME conversion during the experiment. 
 
Figure 62. DME and CO concentrations during the experiment. 
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Figure 63. Selectivity towards MA based on C and the C balance during the experiment. 
 
 
Figure 64. MeOH and AcOH concentrations during the experiment. 
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6.4.12 Experiment 12 – DME carbonylation (100 bar, 2.0 % DME in CO, 438 K) 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
0.1499 164.88 438.03 310.41 100.00 2.00 98.00 
 
 
Calibration of the CO/DME (2% DME) flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 26.8 °C 8.53 50 342.91 312.32 
MFC4 Controller 17.21 100 339.92 309.60 
Setpoint 326.6 25.97 150 337.89 307.75 
 42.74 250 342.19 311.66 
 8.41 50 347.80 316.78 
 25.69 150 341.57 311.11 
 34.28 200 341.31 310.86 
 17.29 100 338.35 308.17 
 34.13 200 342.81 312.23 
 60.51 350 338.37 308.19 
 78.29 450 336.25 306.26 
 87.09 500 335.86 305.90 
 16.88 100 346.56 315.65 
 34.37 200 340.41 310.05 
 60.69 350 337.37 307.28 
 78.19 450 336.68 306.65 
 8.43 50 346.98 316.03 
 25.73 150 341.04 310.62 
 42.87 250 341.15 310.72 
Average 
  
340.8 310.4 
Standard Deviation 
  
  3.1 
Relative Standard Deviation [%] 
  
  1.0 
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Figure 65. Temperature profile through the catalyst bed during the experiment. 
 
Figure 66. MA concentration and DME conversion during the experiment. 
 
Figure 67. DME and CO concentrations during the experiment. 
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Figure 68. Selectivity towards MA based on C and the C balance during the experiment. 
 
 
Figure 69. MeOH and AcOH concentrations during the experiment. 
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6.4.13 Experiment 13 – DME carbonylation (100 bar, 1.1 % DME in CO, 438 K) 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
1.5008 164.35 438.50 317.25 100.00 1.11 98.89 
 
 
Calibration of the CO flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 24.5 °C 8.47 50 345.34 316.91 
MFC4 Controller 16.78 100 348.63 319.93 
Setpoint 327.0 25.31 150 346.70 318.16 
 33.91 200 345.03 316.63 
 42.47 250 344.36 316.02 
 8.40 50 348.21 319.55 
 16.81 100 348.01 319.36 
 25.59 150 342.91 314.68 
 33.81 200 346.05 317.57 
 42.15 250 346.98 318.42 
 8.43 50 346.98 318.42 
 16.97 100 344.73 316.35 
 25.68 150 341.71 313.58 
 34.03 200 343.81 315.51 
 42.24 250 346.24 317.74 
 8.37 50 349.46 320.70 
 16.87 100 346.77 318.23 
 25.33 150 346.43 317.91 
 33.84 200 345.74 317.29 
 42.18 250 346.73 318.19 
 8.69 50 336.59 308.89 
 17.03 100 343.51 315.24 
 25.22 150 347.94 319.30 
 33.82 200 345.95 317.47 
 42.03 250 347.97 319.32 
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Average 
  
345.71 317.25 
Standard Deviation 
  
  2.4 
Relative Standard Deviation [%] 
  
  1.0 
 
 
 
 
Figure 70. Temperature profile through the catalyst bed during the experiment. 
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Figure 71. MA concentration and DME conversion during the experiment. 
 
Figure 72. DME and CO concentrations during the experiment. 
 
 
Figure 73. Selectivity towards MA based on C and the C balance during the experiment. 
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Figure 74. MeOH and AcOH concentrations during the experiment. 
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6.4.14 Experiment 14 – DME carbonylation (10 bar, 2.0 % DME in CO, 458 K) 
 
Overview of the experimental conditions 
Catalyst mass Mean Temperature Reactant Flow Total pressure Feed Composition 
[g] [°C] [K] [Nml/min] [bar] DME [%] CO [%] 
1.5001 184.66 457.81 311.76 10.00 2.00 98.00 
 
 
 
Calibration of the CO/DME (2% DME) flow 
 Passage time Volume Flow Normal Flow 
 [s] [ml] [ml/min] [Nml/min] 
Temperature 28.0 °C 25.62 150 342.51 310.67 
MFC4 Controller 8.62 50 339.33 307.79 
Setpoint 300.0 25.59 150 342.91 311.04 
 8.65 50 338.15 306.72 
 25.62 150 342.51 310.67 
 16.90 100 346.15 313.98 
 33.93 200 344.83 312.78 
 42.35 250 345.34 313.24 
 17.04 100 343.31 311.40 
 33.95 200 344.62 312.59 
 8.54 50 342.51 310.67 
 25.51 150 343.98 312.01 
 59.95 350 341.53 309.79 
 77.29 450 340.60 308.94 
 8.40 50 348.21 315.85 
 25.30 150 346.84 314.60 
 33.77 200 346.46 314.26 
 16.90 100 346.15 313.98 
 33.97 200 344.42 312.41 
Average 
  
343.7 311.76 
Standard Deviation 
  
  2.3 
Relative Standard Deviation [%] 
  
  0.7 
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Figure 75. Temperature profile through the catalyst bed during the experiment. 
 
Figure 76. MA concentration and DME conversion during the experiment. 
 
Figure 77. DME and CO concentrations during the experiment. 
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Figure 78. Selectivity towards MA based on C and the C balance during the experiment. 
 
 
Figure 79. MeOH and AcOH concentrations during the experiment. 
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6.5 Raw DFT data – Adsorption energies 
6.5.1 T1 – BEEF-vdW 
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6.5.2 T1 – RPBE 
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6.5.3 T3 – BEEF-vdW 
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6.5.5 T2 – RPBE 
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6.5.6 T4 – RPBE 
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